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We consider radiative corrections to polarization obdelesin elastic electron-proton scatter-
ing, in particular, for the polarization transfer measueams of the proton form factor ratio
R= uGg/Gum. The corrections are of two types: two-photon exchange JHRE bremsstrahlung
(BS). TPE corrections are calculated within dispersionraagh taking into account elastic and
inelastic parts. The elastic part includes pure nucle@rinédiate state only. The inelastic part is
saturated bytN intermediate states. The advantages of this approacheansidering contribu-
tions of resonances are (i) automatically having corrembmance width, (ii) automatically hav-
ing correct resonance shape, (iii) including not only resaes but background as well. Among
differentiN states we concentrate on tRg; channel (with quantum numbers A{1232) reso-
nance). BS corrections are calculated assuming smallmgigsiergy or missing mass cut-off. It
was shown that such correction can be represented in a nratiglendent form, with both elec-
tron and proton radiation taken into account. Numericatwations show that the contribution
of the proton radiation is not negligible. Overall, at highand energies the total correctionRo
grows, but is dominated by TPE. At low energies both TPE andra$ be significant; the latter
amounts to~ 0.01 for some reasonable cut-off choices.
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Figure1: One-photon exchange (left) and two-photon exchange Jrijagrams.

The experimental study of the electron-nucleon scattagings important information about
the electromagnetic structure of the nucleon. Experinielata for the elastic scattering are usually
expressed in terms of two fundamental observables, thé&ieland magnetic form factors (FFs),
Gg andGy, which parametrize thgNN vertex with two on-mass-shell nucleons

M= ViFa () — Vi ol g (), ®

Ge(0?) = Fi(q?) — TR(0?),  Gm(0®) =Fu(0®) +F(cf),  T=—0?/4M2,

whereM is the nucleon mass.

At small Q% = —¢? the form factorsGg andGy are related to so-called electric and magnetic
radii of the nucleon. At higi)? they give information about quark structure of a nucleonowia
edge of nucleon form factors is also needed for understgrelectromagnetic structure of more
complicated hadron systems, for example, the deutéida,®H, “He, etc.

The differential cross section and double polarizationeolebles are simply connected with
FFs in the framework of one photon exchange (or the Born apation), Fig. 1, left. Neverthe-
less, the precision level of present-day electron-protmitsring experiments makes it necessary
to take into account effects beyond Born approximationydlich are usually called radiative cor-
rections. They are of two types: two-photon exchange (TB&F3g. 1, right) and bremsstrahlung
(BS). Here we will consider contribution of such correctida the double polarization observables.

First let us consider TPE. There are two mainline approatdése theoretical evaluation of
the TPE amplitude: "quark" and "hadronic” ones. In the "gUapproach, as its name suggests,
the nucleon is viewed as an ensemble of quarks (partonsyauting according to QCD [2, 3, 4,
5]. Naturally, the applicability of this approach is limitéo the highQ? region. Despite all its
advantages, the serious drawback is that it is hard to edéctihe TPE correction to the electric
form factorGg in this approach, while this is surely needed for the coiirgetpretation ofGg /Gy
measurements.

In the "hadronic" approach TPE is mediated by the productibwirtual hadrons and/or
hadronic resonances. The TPE amplitudes are broken irfereafit contributions according to
the intermediate state involved. The most important and-esablished one is the elastic con-
tribution, which corresponds to pure nucleon intermedsiége. In turn, all other contributions
are called inelastic. Among them, the contributions of sqmminent resonanced (1232 and
others] were studied in Refs. [6, 7, 8]. In Refs. [6, 7] it waswn that their overall effean the
cross-sectioris smaller than that of the elastic contribution, witfi1232) yielding its main part
and the contributions of other resonances partially céingetach other.
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Later, it was found [8] thaf\(1232) yields relatively large correction to th8g /Gy form
factor ratio at highQ? (far exceeding that of the elastic intermediate state),thatithe correction
grows withQ?. This result suggests that the contributions of other Bigastates may also be
important and at least should be estimated carefully. Wmf@tely, all the above-mentioned papers
use "zero-width" approximation, i.e. widths of resonanaes assumed to be negligibly small.
This approximation seems rather crude, especialyAfa232), since its width [ ~ 110 MeV) is
comparable to the distance from the threshdlid ¢ M — m; ~ 160 MeV).

To overcome this issue, in Ref. [9] the inelastic contribatto the TPE amplitude was es-
timated from theriN (pion+nucleon) intermediate states. This may be viewed sigraficant
improvement of the previous "resonance” calculations;esimost resonances have dominait
content. Consequently, the advantages of our approach are

e automatically having correct resonance width
e automatically having correct resonance shape

e including not only resonances but background as well

The niN contribution may further be split into the contributions different partial waves of the
niN system. Though, in principle, all partial waves may be taikeéa account in our method, it
is particularly useful for thé&%3; channel, wherd resides. Thé\ resonance has almost 10084
content, thus we will get pure improvement w.r.t. previouskg. The situation is not so simple
for other resonances, such & andD;3, since they have significamtriN branching ratio; the
corresponding contribution will be missing in the preseopraach. Later on we will be consider
the contribution of thé>3 channel only, following Ref. [9].

The idea of the calculation is the following. T\ system is fully described by its isospin,
spin-parity, and invariant mass. No other internal quantwmbers exist. Thus, with respect to
the calculation of the TPE amplitudes, ti®l system in the intermediate state is fully equivalent
to the single particle with the same isospin, spin-paritgt arass (and properly defined transition
amplitudes). If we are able to calculate the TPE contribbutibthe resonance with given quantum
numbers, we can do precisely the same thing forrtNesystem of fixed invariant mass and then
integrate over invariant masses. The full contributiorhefftN partial wave with the same quantum
numbers will be

sy™ — / 5% W, A™ (2, W)]dW2, 2)

where the integration variab is the invariant mass of theN system and\™ is appropriately
defined transition form factor. Note that heyfestands for the square of virtual photon momentum
and is not the same as the total momentum transfer in theogteetess.

In calculations the transition form facto&™ were taken from the unitary isobar model
MAID2007 [10]; the numerical values were downloaded from tledicated website [11].

As usual, TPE are described by three invariant amplitudesgiglized form factorsde,
d%u, andd%. The corrections to the cross-section or polarization olasddes can be expressed
in terms of these amplitudes; for all relevant formulae setsH8, 12].

The TPE amplitudes in the resonance region are shown in Fiyis2 as it was expected, there
are smooth bumps at the resonance position, instead of éine ghaks, which are seen in the zero-
width approximation [8] (dashed lines). In Fig. 3 we plot fheE correction to the polarization
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Figure 2: The TPE amplitudes near tieresonancef; . = 90°, N contribution from Ref. [9] (solid),
zero-widthA [8] (dashed).
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Figure 3: The TPE correction to the proton form factor raRo= Gg /Gy, as measured in polarization
experiments, various contributions at fixee= 0.5 (left) and total at different values @af(right). Heree is
the virtual photon polarization parameter= [1+ 2(1+ Q?/4M?)tg? (6/2)] 1, where@ is lab. scattering

angle.

ratio. At highQ? we see the same behaviour which was found in Ref. [8], nanhel\correction
grows rapidly withQ?.
Numerically we obtain the following results:

e at smallQ? this contribution is small (negligible w.r.t. the elastice)

e the TPE amplitudes have smooth maxima at the resonancéopa&t m. ~ Ma)

e at highQ? we confirm the findings of Ref. [8], obtained with the zero-thid. The main
correction comes to the generalized electric form factbis Torrection (and, consequently,
the correction to the polarization ratio) is relativelygarand grows withQ?. Its numerical
value is somewhat smaller than in Ref. [8]

We see, that (contrary to the common belief) the TPE cooestto the polarization ratio are
not negligible at highQ?.
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Now let us discuss the BS corrections. The corrections cgifinom the radiation by the elec-
trons were considered in an exact model-independent adilons$ in Refs. [13, 14]. The neglection
of the proton radiation seems well-justified at low momentuamsfer, when the proton remains
practically at rest. However, at typical experimental dtads in JLab [15] the final proton is
relativistic, thus the electron and the proton are on anleigoting and their contributions to the
BS should be of the same order of magnitude.

Certainly exact analytical and model-independent catmraof the proton radiation is impos-
sible (still this is not needed for practical applicatiansowever, we are able to obtain the result
of such sort after the expansion in powers of photon enengyd first non-vanishing order. Such
program was performed in Ref. [16].

In Ref. [16] a simple idealized experiment was considenmedhich the final proton is detected
in a fixed direction, that is, the angular acceptance of tlogopr detector is very small. Both
electron and proton energies are measured to determinmgs®ergyAE, and the event is counted
as the elastic one AE < r, wherery, is some cut-off. This is the way the elastic events were
selected in the real experiments [15]. Authors of Refs. [ld,use a cut on the missing mass,
which was not applied in Ref. [15]. This case is also congidemd compared with the "missing
energy" approach in Ref. [16].

To reduce inelastic background, one must choose reasosm@blyr,,. For example, to exclude
pion production,ry, should be restricted byy, < m; ~ 140 MeV. Therefore we have a small
parameter, or, more preciselyrm/M. The radiative correction was calculated in the first non-
vanishing order irrp,. To this order, the low-energy theorem [17] allows us to mbtamodel-
independent result in the sense that it is expressed sdlgydh on-shell proton FFs and their
derivatives.
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Figure 4: Bremsstrahlung correction 1oGg /Gy Figure 5: Bremsstrahlung correction toGg /Gwm
ratio vs. Q? at different beam energies, as labellgdtio vs. beam energy at fixed scattering ang& 90
on the plot. Solid — missing energy cut-off, dashedurve types are the same as in Fig. 4.

— missing mass cut-off; thick — full radiation, thin

— electron only.

In all numerical calculations we use proton FF parametgoizaby Arrington et al. [18].
Everywhere belove is initial electron energy (not to be confused with virtuabpon polarization
parameter).

Fig. 4 displays the BS correction @: /Gy ratio, as measured via polarization transfer, at four
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different beam energies. The missing energy cut-aff,is- 0.15 GeV. Since in our approximation
the BS correction is proportional g, the transition to anothey, value is straightforward. The
quantity shown in the figure ig SR = SR(Q?)/R(Q? = 0). It is more convenient to plot than the
relative correctio®R/R, sinceR approaches zero Qe ~7 Ge\?; therefore the relative correction
strongly grows, even whilé&R itself does not. The dashed curves are obtained in the 'mgissi
mass" approach with the cut-afff 4 r)? — M? < 2Mry, = up,. Thick curves results from the full
calculation thin ones — including electron radiation only.

The energy dependence of the BS correction at fixed lab. esicegitangle 90 is shown in
Fig. 5. Here the missing energy cut-off is taken proportidodhe incident electron energym, =
0.1¢. The meaning of different curve types is the same as in Figll4our curves become close at
€ — 0; this is clear, since & — 0 the final proton remains practically at rept & p) and thus does
not radiate. At > M full and "electron only" calculations give very differemtsults, as expected.

In summary, our calculation shows that:

1. The proton radiation yields a significant part of the BS@ction ats = M in both "missing
energy" and "missing mass" approaches.

2. Inthe "missing mass" approach the correction stronghywgrat large angles, whereas in the
"missing energy" approach it does not.

3. The BS correction is small at high energiesX M), where the TPE correction is much
larger. However there is no final reliable estimate of the &Rplitude in this region; this is
an important open problem. The significance of the BS camedat low energies depends
on experimental details; thus it should be checked separfateeach case.
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